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Abstract
The mechanisms that have evolved to maintain genome stability during cell cycle progression are challenged when a somatic cell nucleus is
placed in a meiotic environment such as the ooplasm. Chromosomal spindle aberrations ensue in the majority of reconstructed oocytes within 2 h
of transplantation, but it is not known if they recover or persist with the onset of embryonic divisions. We analyzed the chromosomal spindles and
the karyotype of cumulus cell-derived mouse clones through the initial and hence most critical mitoses. Cloned embryos start out with less
aneuploidy than fertilized embryos but surpass them after ES cell derivation, as measured by frequencies of chromosome trisomies and structural
rearrangements. Despite the limited proportion of cloned mouse embryos that reach late gestation, a phenotypic mutation lacking a karyotypic
mark was found in a newborn mouse cloned in 2002 and has been inherited since by its offspring. These data concur with a prevalent epigenetic,
rather than genetic, basis for cloned embryo failure, but they also warn against the temptation to think that all conditions of clones are epigenetic
and recover during gametogenesis. The cloning procedure is defenseless (no matter how technically refined) towards pre-existing or induced
subchromosomal mutations that are below the experimental detection limit of the cytogenetic assay.
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For more than two decades, mammalian embryos have
been obtained asexually by somatic cell nuclear transfer (NT)
into ooplasts—oocytes that have been stripped of their own
chromosomes. These somatic cell-derived clones have only a
limited developmental potential regardless of the donor cell
type and species (Baguisi et al., 1999; Chesné et al., 2002;
Cibelli et al., 1998; Galli et al., 2003; Kim et al., 2007;
Kraemer, 2003; Lee et al., 2005; Li et al., 2006; Onishi et
al., 2000; Polejaeva et al., 2000; Shin et al., 2002b;
Wakayama et al., 1998; Wilmut et al., 1997; Woods et al.,
2003; Zhou et al., 2003). The demise of somatic cell-derived⁎ Corresponding author. Fax: +49 0251 70365 399.
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doi:10.1016/j.ydbio.2007.05.034clones is believed to be of epigenetic rather than genetic
origin. Incomplete or faulty conversion of somatic gene
expression into embryonic gene expression within the donor
nucleus (epigenetic ‘reprogramming’) accounts for the
developmental defects of cloned embryos (Bortvin et al.,
2003; Chung et al., 2003; Gao et al., 2003; Mann et al.,
2003; Ng and Gurdon, 2005; Nolen et al., 2005). Mouse
clones that develop to term and survive to adulthood do not
pass their defects on to their offspring, which is consistent
with an epigenetic foundation (Ogonuki et al., 2002;
Tamashiro et al., 2002).
However, chromosome aneuploidy (e.g. monosomy, trisomy)
may cause gene expression deviations that are indistinguishable
from incomplete or faulty epigenetic ‘reprogramming’. Aneu-
ploidy for a single chromosome or chromosomal region brings
about the imbalance of multiple genes with unpredictable yet
measurable effects onmRNA levels and the regulation of cellular
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(Kahlem et al., 2004; Symula et al., 2004). As a consequence,
aneuploidy can cause embryo development to de-rail, and it
is the leading cause of pregnancy loss in mammals (Wells
and Delhanty, 2000). If monosomic or trisomic clones
occurred, they could not pass their defects on to their
offspring because they do not reach reproductive age. No
autosomal monosomy is viable, only trisomy 19 mice survive
birth but do not reach puberty (Hernandez and Fisher, 1999),
and mosaic karyotypes are counterselected at gastrulation
(Lightfoot et al., 2006).
At the metaphase of both meiosis and mitosis, the spindle
organizes the chromosomes and is essential for their balanced
segregation to the daughter cells. After NT into ooplasts,
spindle aberrations are observed frequently (Chesné et al.,
2002; Miyara et al., 2005; Shin et al., 2002a; Simerly et al.,
2003; Van Thuan et al., 2006; Wakayama et al., 1998; Zhong
et al., 2005). It is not yet known if cleavage resolves these
aberrations or if they persist and even predispose the
blastomeres to an increased risk of chromosome segregation
errors. Errors at first cleavage affect all blastomeres within an
embryo, errors at second cleavage affect half of the
blastomeres and errors at third cleavage affect 25% of the
blastomeres. More than 38% abnormal blastomeres is
considered to be detrimental to the survival of a fertilized
human embryo (Sandalinas et al., 2001), but it is not known
how much aneuploidy a cloned mouse embryo can tolerate.
In the present study, we found that transplanting mouse
cumulus cell nuclei into mouse ooplasts results in structurally
abnormal spindles. Contrary to expectations, the karyotype is
normal more often in clones than in embryos fertilized via
intracytoplasmic sperm injection (ICSI). This finding is
consistent with the prevalent maternal origin of develop-
mental aneuploidy in mammals and indicates that defects of
the initial NT spindle are not passed on to derivative mitotic
spindles during the first three, and the most critical, cell
cycles. We also found that embryonic stem (ES) cell lines
derived from NT blastocysts have rates of crude aneuploidy
(N40/≥40 chromosomes by Hoechst staining) comparable to
ES cells derived from naturally fertilized (FD) blastocysts.
Although NT and FD ES cells are indistinguishable by
Hoechst and by gene expression (Brambrink et al., 2006;
Wakayama et al., 2006), this does not exclude allelic
imbalances that could be compensated via upregulation of
monosomic genes or downregulation of trisomic genes under
the culture conditions. M-FISH analysis of NT ES cells
reveals higher incidence of trisomies and structural rearrange-
ments that are blind to Hoechst analysis. To probe if this may
correspond with higher aneuploidy of the inner cell mass
(ICM) derivatives in vivo, post-implantation stages should be
examined but high losses at gastrulation preclude sufficient
numbers of clones for the application. Nevertheless, we report
the first case of a viable and inheritable phenotypic mutation
associated with cloning of a mammal. It warns that mutations
below the experimental detection limit of the cytogenetic
assay are still possible and may unpredictably turn up in
cloned animals.Materials and methods
Collection of mouse oocytes and nucleus donor cells
Eight- to ten-week-old F1(C57Bl/6J×C3H/HeN) female mice (Harlan
Winkelmann, Germany) were superovulated with 7.5 international units (IU) of
pregnant mare's serum gonadotropin (PMSG, Calbiochem cat. no. 367222)
followed 48 h later by 7.5 IU of human chorionic gonadotropin (hCG,
Calbiochem cat. no. 230734). Cumulus–oocyte complexes were collected 14–
15 h post-hCG, and cumulus cells were removed enzymatically. Hyaluronidase
(Calbiochem cat. no. 38594, activity N5000 IU/mg) was used at 50 IU/mL in
HEPES-buffered CZB medium, modified from the original recipe (Chatot et al.,
1989) with 5.56 mM glucose, 20 mM HEPES, 5 mM sodium bicarbonate and
0.1% w/v polyvinylpyrrolidone (PVP, 40 kDa, Calbiochem cat. no. 529504)
without bovine serum albumin (BSA). After incubation in a 100-μL drop of
hyaluronidase solution for 20 min at 30 °C (room temperature), the cumulus-free
oocytes were removed, washed in HEPES-buffered CZB medium and then
placed in α-MEM culture medium (see ‘In vitro culture of embryos' section)
until use. The cumulus cells were left in hyaluronidase solution and stored at
4 °C for up to 4 h until use. When required, NT embryos were produced from an
E14 ES cell line passaged as described in a previous study (Hübner et al., 2003).
Mice used in this study were maintained and used for experimentation according
to institutional guidelines.
Spindle removal, NT and activation of reconstructed oocytes
Oocytes collected after superovulation as described above were processed to
remove the spindle–chromosome complex (also known as ‘enucleation’),
thereby producing a recipient ooplast for nuclear transplantation. All
micromanipulations were performed at room temperature (30 °C). For spindle
removal, groups of 20 oocytes were placed in 300 μL HEPES-buffered CZB
medium (PVP 0.1% w/v; albumin-free) with 1 μg/mL cytochalasin B
(Calbiochem cat. no. 250233; stock solution was 5 mg/mL in dimethylsulfoxide)
on a glass-bottomed dish. The micropipette was pulled from borosilicate glass
tubing (Clark Instruments, UK), cut blunt at 10–12 μm in diameter, backloaded
with 5 μL of mercury and driven by a piezo actuator (PMM 150 FU, PrimeTech,
Japan) under 40× DIC optics (Nikon, Japan). After removal of the spindle–
chromosome complex, each group of oocytes was washed and left for 1 h in
500 μL of α-MEM medium in 4-well plates (Nunc cat. no. 176740) at 37 °C
under 5% CO2 in air. B6C3F1 cumulus cell nuclei were transplanted into the
ooplasts 1 to 2 h later in hypertonic (110%) HEPES-buffered CZB medium (as
above, but with PVP 1% w/v). A group of 20 oocytes were processed for
injection within a 10-min time span using an 8- to 10-μm blunt-end needle. After
NT, oocytes were left to recover from possible mechanical trauma for 5 min on
the microscope stage. They were then gently transferred to a 1:1 mixture of
HEPES-buffered CZB and α-MEM medium and left there for 1 to 2 h at room
temperature before incubation in α-MEMmedium at 37 °C under 5% CO2 in air.
The reconstructed oocytes were then activated for 6 h (1–7 pm) in Ca-free α-
MEM supplemented with 10 mM SrCl2 (MP Biomedicals cat. no. 152583),
5 μg/mL cytochalasin B and 0.2% w/v BSA. Presence of cytochalasin B was
required to prevent extrusion of a polar body during oocyte activation. The
resulting embryos are referred to as NT (nucleus-transplanted) embryos.
Controls
Embryos fertilized in vivo from F1(C57Bl/6J×C3H/HeN) ova and F1 sperm
are referred to as FD (naturally fertilized), and those fertilized in vitro by
intracytoplasmic sperm injection are referred to as ICSI (Boiani et al., 2003). FD
and ICSI embryos were cultured in parallel with NT embryos.
In vitro culture of embryos
Embryos were cultured in groups of 100–150 in 500 μL of α-MEMmedium
in 4-well plates (Nunclon) without oil overlay. Embryos were examined at the
four-cell stage 48 h after onset of culture, and the medium was supplemented
with an additional 100 μL of α-MEM to boost development to the blastocyst
stage. α-MEM (Sigma cat. no. M4526; Wun et al., 1994) was supplemented
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40 μg/mL gentamicin sulfate (MP Biomedicals cat. no. 194530) and then
filtered through a cellulose acetate membrane (0.22 μm, Millex, Millipore;
preconditioned with medium) prior to use.
In vivo transfer of embryos
To assess the developmental ability of NT embryos, blastocysts were
transferred to surrogate mothers 96 h post-activation. Surrogate ICR females
(6 weeks; Harlan Winkelmann) were caged with vasectomized ICR males.
Those with vaginal plug were used for transfer of NT blastocysts into oviducts
on the same day (0.5 dpc) using a flame-polished micropipette operated by
mouth.
Derivation of ES cell lines
After digestion of the zonae pellucidae with acidic Tyrode's solution,
blastocysts were transferred in groups of 4–5 onto STO cell feeder layers in
4-well plates. After 3–4 days, most blastocysts attached to feeders and formed
trophoblastic outgrowths. Then the ICMs were selectively removed with a
flame-polished glass Pasteur pipette. Isolated masses were replated after
trypsinization with 0.25% trypsin, 1 mM EDTA onto mitotically arrested MEF
feeders in 96-well plates. ES cells were grown to subconfluency and gradually
expanded by subsequent passages of trypsinization, dissociation and replating
onto freshly prepared MEF feeders, scaling up to larger well sizes. Typically,
passage zero (the one after the initial dissociation/replating of the ICM) took
5–6 days; subsequent passages took 2–3 days. The medium for blastocyst
outgrowth formation and ES cell culture consisted of D-MEM high glucose
(Invitrogen, cat. no. 11960-044), 15% v/v FCS (HyClone, ANF190A9),
0.1 mM MEM non-essential amino acids (Invitrogen Cat. no. 11140-050),
100 U/ml Pen-Strep, 2 mM L-glutamine, 0.1 mM β-mercaptoethanol and
104 U/ml LIF. Feeder cells, whether STO or MEF, were mitotically arrested by
a 2-h treatment with mitomycin C at 10 μg/ml.
Meiotic and mitotic spindle analysis
Native oocytes and nucleus-transplanted ooplasts were processed as
described (Sanfins et al., 2004). Embryos did not receive treatment (e.g.
colcemide or nocodazole) to enrich for metaphases but were fixed at timed
points when approximately half of them had advanced to the next cleavage.
Fixation and permeabilization took place simultaneously at 37 °C for 1 h in a
microtubule stabilizing buffer as described (Sanfins et al., 2004) without Taxol
and deuterium oxide (0.1 M PIPES, 5 mM MgCl2, 2.5 mM EGTA, 1% w/v
formaldehyde, 0.1% v/v Triton X-100). This buffer was made fresh each time
and warmed to 37 °C prior to use. Fixed-permeabilized specimens were stored at
4 °C until processing in a blocking solution consisting of 0.1% v/v Tween-20,
2% w/v BSA and 2% w/v glycine in PBS. Immunofluorescence staining of
spindles was performed using an anti-α-tubulin polyclonal goat antibody (Santa
Cruz, cat. no. sc-12462) and an anti-γ-tubulin polyclonal rabbit antibody (Santa
Cruz, cat. no. sc-10732) followed by donkey secondary antibodies tagged with
Alexa fluorochromes 488 and 594 (Molecular Probes). All antibodies were used
at 1 μg/mL in PBS with 0.1% v/v Tween-20 and 0.5% w/v BSA. Anti-tubulin
antibodies used in this study detected a single band at 52–55 kDa on Western
blots consistent with the molecular weight of tubulins. After immunostaining,
specimens were counterstained for DNA (5 μM DRAQ5, BioStatus, UK).
Labeled oocytes and embryos were examined by spinning disk laser confocal
microscopy (Ultraview RS3, Perkin Elmer) at 1 μm optical sections using a
water immersion 60× lens (Nikon Plan Apo VC, 1.2 N.A.).
Crude chromosome counts
Four-cell embryos were arrested in metaphase by culture in 0.1 μg/ml
colchicine in α-MEM for 10 h. After digestion of the zona pellucida with acidic
Tyrode's solution, single blastomeres were dissociated from the original 4-cell
embryo by mild trypsinization before spreading on slides; this was meant to
avoid incidences of overlapping chromosome plates. ES cells were enriched for
metaphases by culture in 0.3 μg/ml nocodazole in ES medium for 6 h.Chromosomes were prepared according to the air-drying method (Tarkowski,
1966). Slides were stained with Hoechst 33342 (1 μg/mL) and scored on a
Nikon TE2000 fluorescence microscope as described (Zuccotti et al., 1998).
Only chromosome spreads with ≥40 chromosomes (euploid and hyperaneu-
ploid) were taken into account since spreads with b40 chromosomes are more
likely to arise as a preparation artifact.
Multicolor fluorescence in situ hybridization (M-FISH)
Chromosome spreads were stained with Hoechst 33342 (1 μg/mL) and
examined through a UV light filter using a Leica IRBM inverted microscope
(Leica, Bensheim, Germany). A metaphase spread with gross overspreading or
clumped chromosomes was not considered. M-FISH analysis was performed for
greater chromosome detail. Mouse chromosome-specific painting probes were
combinatorially labeled using 7 different fluorochromes and hybridized as
described (Jentsch et al., 2003). Metaphase spreads were examined using a Leica
DM RXA epifluorescence microscope (Leica, Bensheim, Germany) equipped
with a Sensys CCD camera (Photometrics, Tucson, AZ) and controlled by the
Leica Q-FISH software (Leica Microsystems Imaging Solutions, Cambridge,
UK). Image processing and karyotyping were performed using the Leica MCK
software. Chromosome spreads with at least one trisomy or structural
rearrangement were considered aneuploid.
Analysis of the centromeric DNA region of embryonic chromosomes
At the blastocyst stage, centromeric satellite (c-satellite) DNAwas analyzed
for level of DNA methylation according to (Kim et al., 2004b).
Statistical analysis
Experiments were replicated at least three times and blind scoring was used
for NT versus ICSI specimens. Measures of spindle size are given as mean±
standard deviation and were compared by the Student's t test. Occurrences of
aneuploid blastomeres were analyzed by the Fisher's exact test or the χ2 test and
occurrences of aneuploidy for each chromosome were analyzed by Poisson
statistics (Bailey, 1959). Rates of ES cell aneuploidy were analyzed by the
Kruskal–Wallis non-parametric test. Statistical significance was accepted where
pb0.05.Results
ICSI as a quality control for NT
In principle, features of cloned embryos may be inherent to
the nucleus transplant, or they may be the result of
manipulation (including microsurgery and in vitro culture). It
is a matter of concern whether the actual injection of a foreign
nucleus into an ooplasm affects subsequent chromosome
stability. Since cloned embryos have no real natural counter-
part, we tested the effect of manipulation in sperm-injected
(ICSI) versus naturally fertilized (FD) mouse embryos. The
injection setup and the in vitro culture system used for ICSI
was the same as used later for NT.
The ratio of blastomeres with N40 chromosomes over
blastomeres with ≥40 chromosomes was adopted as an (over)
estimate of the aneuploidy rate: 38.3% (n=47) in ICSI
blastomeres and 23.1% (n=52) in FD blastomeres (Fisher's
exact test, p=0.127). It may be noted that while there are
multiple ways to estimate chromosomal aneuploidy (e.g.
spreads with N40 chromosomes over total number of spreads)
this is irrelevant when drawing conclusions after statistic
comparisons.
Fig. 1. Representative images of chromosome spreads analyzed in this study. (A) Chromosome spreads of a single four-cell cloned embryo stained with Hoechst 33342
(original magnification 400×); (B, B′) chromosome spread processed for M-FISH; inlay, chromosome moved closer to spread to reduce image size; (C) monosomy
(chr. 3) and trisomy (chr. 5) coexisting in a pseudoeuploid (2n=40) plate of chromosomes; (D–F) translocations commonly observed in this study.
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resolution; it may not detect chromosome rearrangements that
do not change the total chromosome number of 40 (e.g.
coexisting monosomy and trisomy). We therefore applied
M-FISH to each of the mouse chromosomes (1–19, X, Y)
using a combinatorial labeling scheme with seven different
fluorochromes (Jentsch et al., 2003). Compared to in vivo
fertilization, ICSI does not aggravate trisomy (10/25 vs. 13/30
trisomic/total blastomeres, respectively; Fisher's exact test,
p=1.000), but ICSI is associated with structural rearrangements
that are not detected in naturally fertilized embryos (7/35 vs. 0/25
rearranged/total blastomeres, respectively; Fisher's exact test,
p=0.035). Thus, the micromanipulation used for NT has a
potential to leave marks on chromosomes. Figs. 1B and B′ show
an M-FISH karyotype on slide. Fig. 1C shows trisomy for
chromosome 5 and monosomy for chromosome 3 in a single
blastomere with a ‘normal’ chromosome count. Figs. 1D–F show
examples of structural rearrangements in blastomeres.
Contrasting behavior of somatic chromatin in meiotic and
mitotic environments
An important question we addressed during this study was
whether abnormal features of the initial NT spindle persist or
recover with the onset of embryonic divisions. Using confocal
immunofluorescence microscopy, we examined the chromoso-
mal spindles that form in mouse ooplasts after cumulus cell NT
and compared them to the native (maternal) spindles of non-
manipulated oocytes. Fig. 2 depicts the α- and γ-tubulinmakeup of donor cumulus cells (Figs. 2A–A″) and that of
native versus nucleus-transplanted oocytes (Figs. 2B and 2C–
G, respectively). Derivative embryos were examined at the first,
second and third cleavage.
We observed four characteristics of the NT spindle that were
markedly different from native spindles. First, the NT spindle
was positioned ‘perpendicular’ (60°–90°; Fig. 2D) rather than
‘parallel’ (0°–30°; Fig. 2C) to the cortex in 38% (n=44) of the
reconstructed oocytes examined at 2–6 h after NT; in
comparison, we observed 100% parallel positioning of native
metaphase II spindles (n=80; Fig. 2B). Secondly, the chromo-
somes were aligned on a metaphase plate in only 31% (n=44)
of the nucleus-transplanted oocytes (Figs. 2E–G) compared to
100% in non-manipulated oocytes (n=80). Also, the interpolar
distance (Fig. 3) was shorter for NT spindles with arrayed
chromosomes (17.82±1.87 μm, n=17) and longer for NT
spindles with disarrayed chromosomes 1 h post-NT (23.90±
4.52 μm, n=14) compared to native spindles of non-
manipulated oocytes (20.86±2.68 μm, n=23; p≤0.014 for
multiple comparison); interpolar distance of disarrayed NT
spindles increased over time to 27.84±6.91 μm at 6 h post-
NT (n=15). Lastly, the γ-tubulin-positive centriole of the
cumulus cells (Fig. 2A″) could not be traced after NT. Of all
these features, the ‘perpendicular’ orientation of the spindle
(Fig. 2D), regarded as a landmark of oocyte activation in
mice, was the most striking and persisted 6 or even 8 h
without activation.
To test whether depleting native factors while removing the
maternal spindle (Simerly et al., 2003) affects NT spindle
Fig. 2. Distribution of α-tubulin (green) and γ-tubulin (blue) in cumulus cells (A–A″), and morphology of MII spindles of native (B) and reconstructed oocytes (C–G).
Red, DNA. One hour after cumulus cell NT and prior to activation, a single bipolar, non-astral spindle is observed in the vast majority of the reconstructed oocytes
(96%, n=45). (C) Parallel arrayed spindle. (D) Perpendicular arrayed spindle. (E) Parallel scattered spindle. (F) Perpendicular scattered spindle. (G) Multipolar
spindle. Size bar, 20 μm.
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nocodazole, a microtubule drug (Figs. 4A, B). We then removed
the maternal chromosomes while leaving behind some of the
spindle-associated material, which is not the case when
removing an intact spindle. After cumulus cell nucleus injection
into the treated ooplasts, NT spindles (n=29) still exhibited the
abnormal configurations described above (Fig. 4C). NT
spindles derived from ES cells were found to be more frequently
normal than those derived from cumulus cells, i.e. a higherFig. 3. MII spindle length measured in non-manipulated oocytes (native) and after
NT. Interpolar distance is shorter in arrayed reconstructed spindles (17.82± 1.87 μm,
n=17) than in native spindles (20.86±2.68 μm, n=23), whereas reconstructed
disarrayed spindles are longer 1 h post-NT (23.90±4.52 μm, n=14) and even extend
4 h (26.07±4.57 μm, n=23) and 6 h post-NT (27.84±6.91 μm, n=15). Groups with
different letters are significantly different (pb0.05).portion of spindles was arrayed versus disarrayed and
orientation was normal (66.7%, n=15; Fig. 4D). Thus, our
observations suggest that microsurgery per se is not directly
responsible for abnormal spindle assembly after NT and further
suggest that the basis for limited spindle assembly does not lie
in a depleted ooplasm.
To determine if the abnormal features of the initial NT
spindle are passed on to the embryonic spindles, we examined
approximately 20–40 embryos at the first, second and third
cleavage (Fig. 5). The overall morphology of spindles at first
and second mitoses were indistinguishable between NT and
ICSI embryos; however, we detected rare events of delayed
metaphase congression and/or anaphase lagging in clones but
not in fertilized embryos (χ2 test, p=0.015; Table 1). Based on
these data, it became crucial to determine whether cloned
embryos face an increased risk of chromosome errors at
cleavage divisions.
Normal chromosome segregation of NT spindles at mitoses
To define a baseline of aneuploidy for the clones, we
examined the karyotypes of the nucleus donor cells. Because
only a small subpopulation of cumulus cells keeps cycling after
follicle ovulation, propagating and arresting these cells in
metaphase in culture is inefficient; flow cytometric analysis
revealed that 85.5% of the cells are in G1/G0 (Martin Stehling,
personal communication). Therefore, we transplanted cumulus
cell nuclei into ooplasts to induce chromosome condensation.
After Hoechst staining preparation, we found that 8.3% (counts
Fig. 4. Spindle configuration in the non-manipulated oocyte (native, A), in the oocyte after spindle disassembly achieved by exposure to nocodazole for 20 min (B) and
after spindle disassembly followed by chromosome aspiration and cumulus cell NT (C). In contrast to cumulus cells, NT of ES cells gives rise to a higher rate of
normal-looking spindles (D). Size bar, 20 μm.
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aneuploid. Next we examined the chromosome spreads of 93
NT and 133 ICSI four-cell stage embryos (Fig. 1A). We scored
49.5% of NT and 38.3% of ICSI blastomeres as aneuploid
(Fisher's exact test, p=0.103). It should be borne in mind that
these frequencies are based only on chromosome counts ≥40
and thus are overestimates, but this is irrelevant when drawing
conclusions after statistic comparisons. Based on these data,
abnormal NT spindles do not lead to more segregation errors
than non-manipulated spindles.
Fine chromosomal analysis of NT and ICSI embryos
To validate the Hoechst data and to achieve higher
resolution, we utilized M-FISH. We asked which chromosomes
were involved in blastomere and cumulus cell aneuploidy (Fig.Fig. 5. Mitotic spindles of NT and ICSI embryos are indistinguishable. (A) Normal 1
mitosis NT embryo, arrow: chromosome lagging in anaphase. (D) Normal 2nd mitos
NT embryo, arrow: chromosome congression failure in metaphase. (G) Normal 3rd
mitosis NT embryo, arrow: chromosome congression failure in metaphase. Size bar6), and we analyzed the frequency of aneuploid blastomeres for
each chromosome (Fig. 7).
Of the 17 cumulus cell karyotypes counted, two were
aneuploid, encompassing one case of trisomy (chr. 8), five
translocations (t(1;9;1), t(2;11), t(2;9), t(7;18)) and one deletion
(del(17)). Since cumulus cell nuclei had been allowed to
condense but not to divide in the ooplasm, trisomies were pre-
existent.
Analysis of 103 NTand 74 ICSI blastomeres (26 XY, 48 XX)
revealed that 20 (19.4%) and 31 (41.9%), respectively, were
aneuploid (Fisher's exact test, p=0.001). It should be noted that
in single blastomeres, multiple aneuploidies coexisted, account-
ing for a total of 31 aneuploidies in NT and 88 aneuploidies in
ICSI blastomeres. Twelve NT and 22 ICSI blastomeres carried
trisomies (n=103 and 68, respectively; Fisher's exact test,
p=0.001; Fig. 7A), and 9 NT and 17 ICSI blastomeres carriedst mitosis ICSI embryo. (B) Normal 1st mitosis NT embryo. (C) Aneuploid 1st
is ICSI embryo. (E) Normal 2nd mitosis NT embryo. (F) Aneuploid 2nd mitosis
mitosis ICSI embryo. (H) Normal 3rd mitosis NT embryo. (I) Aneuploid 3rd
, 20 μm.
Table 1
Aberrations a of chromosome segregation in the first three cleavages of cloned
and fertilized embryos
Cleavage
division
NT ICSI
Number of
aberrations a (%)
Mitoses
analyzed
Number of
aberrations a (%)
Mitoses
analyzed
1st (1- to 2-cell) 2 (8.3) 24 0 (0) 46
2nd (2- to 4-cell) 2 (8.3) 24 0 (0) 23
3rd (4- to 8-cell) 2 (5.7) 35 0 (0) 40
a Congression failure or lagging of single chromosomes during meta-or
anaphase, respectively.
Fig. 6. Aneuploidy distributions. (A) Trisomy. (B) Structural rearrangement, i.e.
translocation or deletion. Chromosomes in non-overlapping areas are found
trisomic/rearranged solely in the embryo type concerned; chromosomes in
overlapping areas are shared between embryos. Chromosomes outside of circles
have not been found trisomic/rearranged. The area of the circles (green, NT; red,
ICSI; blue, cumulus cells) is proportional to the incidence of aneuploidy for that
type of embryo.
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exact test, p=0.019; Fig. 7B). Poisson analysis indicates that no
chromosome was preferentially involved in aneuploidy,
whether trisomy or structural rearrangement (pN0.05).
The 20 NT blastomeres scored as aneuploid included 20
occurrences of trisomy (once each: chr. 1, 3, 6, 7, 13, 15, 19, X;
twice each: chr. 2, 4, 9; 3 times each: chr. 10, 12), 9 occurrences
of translocation (t(1;10), t(2;10), t(2;16), t(4;5), t(7;15),
t(10;14), t(1;8), t(9;12), t(X;19)) and 2 occurrences of deletion
(both del(4)). The 31 ICSI blastomeres scored as aneuploid
included 67 occurrences of trisomy (once: chr. 1; twice each: chr.
3, 5, 6, 8, 13, 15; four times each: chr. 2, 7, 10, 16, 18, 19,
X; five times each: chr. 9, 11, 14, 17; six times each: chr.
12), 12 occurrences of translocation (once: t(1;5), t(1,10),
t(3;9), t(3;17;3) t(4;16), t(6;16), t(9;10), t(9;14), t(10;10),
dic(16); twice: t(9;11)) and 9 occurrences of deletion (once:
del(8q), del (16), del(X); twice: del(1); four times: del(3)).
Molecular correlates of normal chromosome segregation in
clones
Correct chromosome segregation relies on proper assembly
of the kinetochores onto large arrays of tandemly repeated
satellite sequences of DNA that are subject to DNA methyla-
tion. Stability of centromeric satellite in cloned mouse embryos
is undermined by abnormal DNA methyltransferase 1 activity
(Chung et al., 2003) whose lack in ES cells causes microsatellite
instability (Kim et al., 2004a). To probe these notions against
the faithful chromosome segregation we observed in cloned
mouse embryos, we analyzed methylation of c-satellite DNA in
cumulus cells and derivative cloned embryos. We found that NT
embryos attain the same level of c-satellite DNA methylation as
ICSI embryos at the blastocysts stage, despite the hypermethy-
lated status of the cumulus cells (Table 2). Therefore, this
important aspect of epigenetic reprogramming is not impaired,
thus providing a prerequisite for correct chromosome segrega-
tion in clones.
NT and FD ES cell can be distinguished by fine karyotype
analysis
Next we asked if the low levels of aneuploidy in 4-cell
stage NT embryos gives them a competitive edge over their
fertilized counterparts at later stages. We compared 9 ES cell
lines each for NT and FD embryos by counting theirchromosomes at the same passage number (#6). Assuming
no statistical distribution, the 18 frequencies of aneuploidy
were ranked and analyzed by non-parametric statistics and
found to be not differently distributed between ES cells lines of
NT and FD embryos (Kruskal–Wallis test, p=0.330; Table 3).
Assuming χ2 distribution, cumulative counts of ES cells with
N40 and ≥40 chromosomes led to a higher estimate of
aneuploidy rate in NT ES cells (38.0%) than in FD ES cells
(22.2%; χ2 test, p=0.000; Table 3). To resolve the conundrum
and detect trisomies and structural rearrangements blind to
Hoechst staining, we processed ES cells by M-FISH and
scored 20 plates each of NT and FD ES cells. Trisomies
occurred in 53% (8/15) and 13% (2/16) of the valid NT and FD
spreads, respectively (Fisher's exact test, p= 0.023; Fig. 7C).
All chromosomes were involved (1–19, X) in NT spreads, and
chromosome 8 and chromosome 12 were involved in FD
spreads. Structural rearrangements were detected in 20% (4/
20) of NT spreads only (t(10;17), t(7;14); del(X)) (Fig. 7D).
These data show that fine (M-FISH) but not crude (Hoechst)
karyotype analysis may differentiate between ES cell lines that
appear to be alike.
Subchromosomal mutations unmasked by cloning
Mutations below the experimental detection limit of M-FISH
may be detrimental to the development of the embryo. When in
2002, a subset of cumulus cell-derived NT embryos were not
karyotyped but transferred in utero, two clones of the same
gestation developed to term (2.5% of 80 one-cell NT embryos).
One ‘sibling’ had a normal tail while the other presented with a
very short, ‘stubby’ tail (Fig. 8A) obviously different from that
of the donor mouse. Notably, the nucleus donor cells used in this
experiment were derived from the same pool, i.e. from a single
animal. Sampling of bone marrow-derived cells from a tail-less
animal showed no association of this phenotype with overt M-
FISH abnormality (Fig. 8B).
We sought to define the nature of the ‘tail-less’ defect by
mating and by re-cloning. The ‘tail-less’ female clone mated to a
Fig. 7. Rates of aneuploid blastomeres for each chromosome (except Y in cumulus cell clones), expressed as the ratio of the number of blastomeres in which that
particular aneuploidy was scored to the total number of blastomeres scored. (A) Blastomeres carrying trisomies. (B) Blastomeres carrying rearranged chromosomes.
(C) ES cells carrying trisomies. (D) ES cells carrying rearranged chromosomes. Green, NT embryos; red, ICSI embryos.
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females had tail lengths ranging from ‘stubby’ to normal (Fig.
8C). Second generation mice had tail lengths ranging from
‘stubby’ to normal even when the first generation mice used forTable 2
Methylation of c-satellite DNA (ratio of methylated over total CpG sites)
Sample CpG site
1 2 3
Cumulus cell n 7 0 8
N 10 10 10
Rate 70% 0% 80%
Sperm ⁎ n 18 8 7
N 20 8 21
Rate 90% 100% 33%
NT n 5 0 6
N 10 10 10
Rate 50% 0% 60%
ICSI n 6 0 2
N 10 10 10
Rate 60% 0% 20%
a, bp=0.795 (all NT and ICSI values ranked and tested by Kruskal–Wallis).
⁎ Data from Kim et al. (2004b).mating had normal tails. NT from ‘stubby-tail’ cumulus cell
donors produced 95 one-cell embryos and 55 blastocysts.
Following embryo transfer, a single clone was recovered at
16.5 dpc revealing an atypical constriction near the tail tip (Fig.Overall
4 5 6 7
7 10 7 8
10 10 10 10
70% 100% 70% 80% 67%
11 11 1 0
20 20 9 20
55% 55% 11% 0% 47%
4 2 0 10
10 10 10 10
40% 20% 0% 100% 39%a
0 2 4 10
10 10 10 10
0% 20% 40% 100% 34%b
Table 3
Aneuploidy rate a in 9 lines of NT and FD ES cells
ES cell line Total
NT 1 NT 2 NT 3 NT 4 NT 5 NT 6 NT 7 NT 8 NT 9 Mix 1–9
N40 chr. 3 2 9 3 0 5 7 6 3 40 78
≥40 chr. 14 8 16 14 10 12 27 16 10 78 205
% aneuploidy⁎ 21.4 25.5 56.3 21.4 0 41.7 25.9 37.5 30.0 51.3 38.0
FD 1 FD 2 FD 3 FD 4 FD 5 FD 6 FD 7 FD 8 FD 9 Mix 1–9 Total
N40 chr. 7 0 3 2 6 0 9 8 3 27 65
≥40 chr. 32 6 16 8 24 16 15 22 10 144 293
% aneuploidy⁎ 21.9 0 18.8 25.0 25.0 0 60.0 36.4 30.0 18.8 22.2
⁎All lines' values ranked, p=0.330 (Kruskal–Wallis test).
a Rate is given as the ratio between N40 (hyperaneuploid) and ≥40 (euploid+hyperaneuploid) chromosome counts.
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restore a normal tail.
Discussion
In the present study we demonstrated (1) the contrasting
behavior of cumulus cell chromosomes in meiotic and mitotic
environments after NT into mouse ooplasts, and (2) the shift of
chromosome stability from high to low in cloned embryos vs.
derivative ES cells.
After NT, the ooplasm restores a chromosomal spindle
structurally different from a normal spindle (Brunet et al., 1998;
Miyara et al., 2005; Wakayama et al., 1998). This reflects a
‘meiosis–mitosis mismatch’ between the donor nucleus (mito-
tic) and the recipient ooplasm (meiotic). This ‘mismatch’ would
certainly be detrimental if polar body extrusion was allowed,
which requires the full function of the initial NT spindle. Mitotic
kinetochores may not operate faithfully in a meiotic environ-
ment; this accounts for the abnormalities of so-called ‘repro-
ductive semi-cloning’ (Tateno et al., 2003). Likewise, somatic
kinetochores may not operate faithfully in an embryo.
To explore the nature of the ‘meiosis–mitosis mismatch’
between donor nucleus and recipient ooplasm, we used ES cells
as nucleus donors instead of cumulus cells. Because ES cells
have been regarded as the ‘earliest germ cells’ (Zwaka and
Thomson, 2005), their use should result in less of a ‘mismatch’.
We observed an enrichment of morphologically normal
spindles, but aberrant ones were still occurring. Therefore, we
attempted to promote/improve spindle formation by supplying
native building blocks. The native spindle was disassembled in
situ using a microtubule drug prior to aspiration of the maternal
chromosomes and cumulus cell NT. Such intervention failed to
rescue the spindle defects. The ooplasm, whether native or
spindle-depleted, provides a sufficient amount of building
blocks to assemble a new spindle (although the new spindle
turns out to be smaller, as shown in Fig. 4). On the other hand,
the occurrence of morphologically aberrant spindles is not
strictly cell-type specific.
An abnormal spindle as described here and elsewhere after
NT (Brunet et al., 1998; Miyara et al., 2005; Wakayama et al.,
1998) may lead to destabilization of chromosomes and
increased risk of segregation errors at each cleavage division,particularly the earliest ones when chromosomal errors are most
likely to occur (Bean et al., 2002, 2001). In addition to abnormal
spindle morphogenesis, shearing, compression and distortion of
chromatin during nucleus injection have the potential to cause
DNA strands to break, eliciting recombination and structural
rearrangement. Residual recombinogenic activity is present in
the ooplasm at meiotic metaphase II (Perry et al., 2001). The
organization of the interphase donor nucleus in ‘chromosomal
territories’ (Zink et al., 1999) should favor rearrangement
between chromosomes already located in proximity to one
another (Branco and Pombo, 2006). Nucleus donor cells from
different tissues have different nuclear organization (Parada et
al., 2004) that may introduce cell-type-specific patterns of
chromosomal translocations; instead trisomies after NT may be
less dependent on the organization of the nucleus.
Karyotypes of mouse embryos have been studied extensively
after fertilization, parthenogenesis and androgenesis (Dyban
and Baranov, 1987), showing that the 19 acrocentric autosomes
participate with equal frequencies in Robertsonian fusions, with
the exception of chromosome 19 (Redi et al., 1988). Only a few
studies have reported the chromosome constitution of cloned
embryos to date. These studies have looked specifically at
metaphase chromosomes 6 and 7 (Booth et al., 2003), or at all
metaphase chromosomes without identification in cattle (Li et
al., 2004a,b), in rabbits (Shi et al., 2004) and in mice (Eckardt et
al., 2005). Another study by FISH has examined interphase
chromosomes (Slimane et al., 2000), but the data sets used were
rather small and the authors were unable to diagnose structural
rearrangements.
As we examined the karyotypes of NT and ICSI mouse
embryos at the 4-cell stage, we found that the mitotic stability of
a cumulus cell nucleus introduced into an ooplast is even greater
than the stability of an embryonic genome following meiosis
and fertilization, despite mechanic trauma of microsurgery,
‘meiosis–mitosis mismatch’ and faulty epigenetic ‘reprogram-
ming’. Actually, c-satellite DNA repeats relevant to both
‘reprogramming’ and chromosome segregation were found to
be equally methylated in NT and ICSI blastocysts, thus
providing a prerequisite for correct chromosome segregation
in clones, and softening the common view that epigenetic
‘reprogramming’ is an inherently flawed process. In 4-cell NT
embryos, our data indicate that trisomies are lower than in ICSI
Fig. 8. A genetic mutation passed undetected by chromosomal analysis. (A) The ‘tail-less’ clone and her sibling 2 weeks after delivery by c-section; (B) M-FISH
karyotype of a ‘tail-less’ male offspring of the ‘tail-less’ clone; (C) first generation offspring of the ‘tail-less’ clone; (D) re-cloning of the ‘tail-less’ clone—fetal stage
16.5 dpc is shown.
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rates cannot be proved different at the 1% confidence level (χ2
test, p=0.019).
We are not implying that microinjection is a harmless
procedure. In ICSI embryos, we found more occurrences of
translocation than in FD embryos (Fisher's exact test,
p=0.035). Although it appears that microinjection of the
nucleus in the ooplasm is not insignificant, its contribution to
developmental failure should not be overstated in light of the
substantial proportion of mouse ICSI embryos that develop to
blastocyst and to term (56.7% and 20.2%, respectively; Boiani,
unpublished) compared to clones. Microinjection of an
interphase cumulus cell nucleus, which is very different from
a sperm head used for ICSI, does not affect chromosomes with
structural rearrangements. However, it is important to note that
while modest rates of aneuploidy were found when cumulus
cells were used as nucleus donor cells, other cells such as
neurons, lymphocytes and embryonal carcinoma (EC) cells may
be unsuitable as nucleus donors because of frequently-occurring
inter- or intrachromosomal rearrangements (Blelloch et al.,
2004; Hochedlinger and Jaenisch, 2002; Osada et al., 2002).
Cloned mouse blastocysts have abnormally low numbers of
cells; aggregation of 2 or 3 clones with one another at the 4-cell
stage can compensate for this deficiency (Houdebine, 2003).
The developmental advantage of clone–clone aggregates maystem from an increased number of euploid cells in the aggregate
(Boiani et al., 2003), an idea inspired by the impressive rescue
experiment of Epstein and colleagues. They showed that
trisomic (Ts17) embryos aggregated with euploid embryos at
the 8–16 cell stage produced chimeric mice that developed quite
normally, with 20–40% of their cells trisomic for chromosome
17. Organs of these chimeras contained from 5% to 85% Ts17
cells (Epstein et al., 1982). Considering the low rate of
aneuploid cumulus cell-derived clones in our current study,
the developmental advantage of aggregated clones is not based
on such genetic complementation.
Yet, the cloning procedure may induce mutations below the
detection limit of cytogenetic assays. In the current study, we
show that two cloned embryos from the same experiment
developed to term, and that one presented a tail mutation similar
to mice heterozygous for a mutation of brachyury (T) (Stott et
al., 1993). All mouse clone conditions reported to date had
reverted back to normal upon passage through gametogenesis
(Ogonuki et al., 2002; Tamashiro et al., 2002). In the present
report, gametogenesis and fertilization failed to restore a normal
tail. The penetrance and expressivity of the tail trait resemble
the AxinFu tail phenotype (Rakyan et al., 2003) and indicate a
non-Mendelian mode of inheritance. The tail mutation was
derived from a nucleus donor cell from a phenotypically normal
animal, which also produced an equally phenotypically normal
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mutation induced in the context of the cloning procedure. Nine
of 20 chromosome anomalies (45%) detected in clones were in
fact translocations, a possible outcome of genetic lesions
‘repaired’ by recombination. Alternatively, the tail-less clone
could have originated from a mutated donor cell from a mosaic
cumulus cell population. In EC cells that are used as nucleus
donors for mouse cloning, Blelloch et al. (2004) demonstrated
sub-chromosomal lesions that had escaped conventional
banding cytogenetics. Our data cannot answer retrospectively
which case has occurred. However, in both cases – de novo
introduction as well as unmasking of a pre-existing lesion – the
mutation issues a warning to the safety of ‘therapeutic’ cloning
experiments that are based on NT ES cell lines believed to be
capable of producing replacement tissues for regenerative
medicine. While only 1–5% of cloned mouse embryos result
in mice to term, derivation of mouse NT ES cells is much more
effective (10–20%). Subchromosomal lesions and other subtle
defects of cloned embryos may hinder full-term clone
development but not ES cell derivation. Nevertheless, these
defects may still impinge on NT ES cell quality (Wakayama,
2004). In 2002, Cervantes and co-workers published a study
where they compared the mutation frequencies in mouse
embryonic stem cells and somatic cells and found the
spontaneous mutation rate to be less frequent in ES cells.
When mutation occurred in ES cells, the predominant repairFig. 9. A model of establishment and transfer of aneuploidy after gametogenesis/fer
depicted. Green, represented passage has a low susceptibility for generation of an
aneuploidy.mechanism was the formation of uniparental disomy. Usually
this kind of change is not detected by crude karyotyping, FISH
or comparative genomic hybridization (CGH).
Therapeutic cloning has gained momentum since two
independent studies were published, both showing that
mouse NT ES cells derived from cloned blastocysts are
transcriptionally indistinguishable from ES cells derived
from fertilized blastocytes (Brambrink et al., 2006;
Wakayama et al., 2006). These reports corroborate the
view that derivation into ES cells takes care of most of the
problems of cloned embryos. However, the validity of
comparisons between transcriptomes of NT and FD ES cell
lines is not straightforward, as it depends on the composi-
tion and stability of the karyotype and on culture conditions.
Wakayama et al. (2001) showed that 51.2% of the cells
from 35 NT ES cell lines were aneuploid, whereas the rate
for FD ES cell lines is typically in the range of 10–30%
(Nagy et al., 1993; Sugawara et al., 2006). In our study,
although cloned mouse embryos start out with lower
aneuploidy than their fertilized counterparts owing to the
non-meiotic origin of their genome (Fig. 9), they match FD
embryos after ES cells have been derived. Considering that
the overall aneuploidy of FD embryos is not different from
that of ICSI embryos (p=0.127), and that embryonic cells
reaching the next stage are fractions (about 60% of 4-cell
ICSI embryos form blastocyst, about 25% of blastomerestilization and after cloning. Meiosis and early embryonic mitotic cell cycles are
euploidy. Red, represented passage has a high susceptibility for generation of
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ES cells), then it follows that there is such a selection
(60%×25%×20%) that aneuploid cells of the 4-cell embryo
are unlikely be fixed as ES cells. This may explain why FD
ES cells have lower aneuploidy than their precursor embryos
but leaves the question open as to where the higher
aneuploidy of NT ES cells relative to NT embryos stems
from. Wakayama's and our own data suggest that aneu-
ploidy may accumulate more rapidly after derivation in cell
lines derived from cloned embryos. Possible mechanisms are
speculative and also depend on the sex chromosomes of ES
cells. If the X chromosome encodes a modifier locus whose
product represses de novo DNA methylases (Zvetkova et al.,
2005), then double dosage of modifier in cumulus cell-
derived NT ES cells (all XX) would have more severe
consequences for DNA hypomethylation than in FD ES
cells (XX and XY), especially at the pericentric major
satellite regions. While our study could not detect bias
toward gain or loss of the X chromosome, neither in FD nor
in NT ES cells, the rate of autosomal trisomy was markedly
higher in FD than in NT ES cells at the same passage
number.
In conclusion, our data warn that problems of preimplanta-
tion-stage mouse clones are different from those of derivative ES
cells, the former being mostly epigenetic, the latter being also
genetic. Chromosomal instability is not an established nor
general concept in ES cell culture, and it is not clear whether
certain cell lines are intrinsically prone to developing abnorm-
alities or whether their instability is a consequence of certain
culture methods (Allegrucci and Young, 2007; Denning et al.,
2006).Whether NT ES cells are prone to aneuploidy or not, gene
expression levels are kept within the range that is appropriate for
the pluripotent state (Stewart, 2000) as long as undifferentiated
culture conditions are applied. Therefore, the similarity of NT
and FD ES cell lines is contingent on selective pressure, and a
genuine, inherent similarity is very difficult to prove.
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